ABSTRACT Planetesimals and their precursors in protoplanetary disks are very porous. Thus, a gas flow around such bodies will be accompanied by gas flow through them. We calculate how this gas flow will influence the impact of a small body on a body larger than 1 m in size. On the front side of a large body (target) with high porosity there is a boundary layer that is characterized by a gas flow toward the surface. We find that under typical conditions with respect to collisions in protoplanetary disks, fragments of a collision will stay inside this boundary layer. These fragments will return to the target by gas drag. Net growth of the larger body in these secondary collisions will occur. The mechanism works for all sizes up to planetesimal size. This supports the idea that planetesimals (kilometer-sized bodies) build up from collisions of smaller bodies.
INTRODUCTION
It is widely accepted that planet formation takes place in protoplanetary disks surrounding young stars during their formation (Beckwith, Henning, & Nakagawa 2000) . A prominent idea is that (terrestrial) planets form in these disks by means of collisions of planetesimals larger than approximately 1 km in size. However, the question is not yet settled as to how these planetesimals form.
One mechanism that is discussed extensively in the literature is the formation of planetesimals through the gravitational instability of a dense dust subdisk (Goldreich & Ward 1973) . However, because of shear-induced turbulence, it is difficult to reach the necessary dust densities (Weidenschilling, Donn, & Meakin 1989) . Recent calculations by Youdin & Shu (2002) show that under certain conditions, gravitational instability might be reached on a timescale of several times 10 6 yr. This is a rather long time, being comparable to the observed lifetime of the disk (Haisch, Lada, & Lada 2001) .
The formation mechanism currently referred to most often is that in which planetesimals grow by mutual sticking collisions between smaller bodies. It is often argued, however, that growing planetesimals through sticking collisions does not work. Collision velocities in protoplanetary disks can reach more than 50 m s À1 (Sekiya & Takeda 2003) . Indeed, all experiments thus far have shown that it is impossible to keep two colliding bodies together at these speeds (e.g., Blum & Münch 1993; Colwell 2003; Supulver et al. 1997; Kouchi et al. 2002; Blum & Wurm 2000) . Usually, fragmentation is observed. Since larger bodies in protoplanetary disks grow from dust particles, fragmentation is very likely an unavoidable process.
However, we showed in recent experiments that fragmentation might be helpful after all as a first step toward enabling the net growth of a larger body (Wurm, Blum, & Colwell 2001a , 2001b . The underlying mechanism is based on gas drag. Since the larger of two colliding bodies is facing a head wind, a fragment that gets entrained can return to the eroded remnant of the collision. Secondary-and thus slower-collisions add mass and eventually lead to observed net growth.
Our experiments did not provide the size to which this growth mechanism might work. Thus far, the experiment conditions have considered the free molecular flow regime, in which the gas flow is essentially undisturbed by the larger body (target) and flow lines end straight into the target surface. This changes once the body has grown sufficiently and continuum flow takes over from free molecular flow. Streamlines are then surrounding the body, and fragments entrained in the gas flow might then be carried away rather than being returned to the target after a collision. This situation has been analyzed in detail in a recent paper by Sekiya & Takeda (2003) . They find that because of the shift in flow regimes, an efficient growth within 5 AU of a star is possible but is restricted to sizes of solid bodies below a few meters. Roughly the same results have been found by S. Künzli & W. Benz (2003, private communication) . It should be noted that this maximum size of growing bodies is much larger than could have been explained before by simple hit-and-stick processes. Nevertheless, it is not yet enough to build planetesimals.
Thus far, the growth model has been very simple. First, there is the hit-and-stick behavior, which proves fine for sizes up to several centimeters (Wurm & Blum 1998; Dominik & Tielens 1997; Blum & Wurm 2000) . Second, aerodynamic growth can work up to a meter size (Wurm et al. 2001a (Wurm et al. , 2001b Colwell 2003; Sekiya & Takeda 2003) , but before restricting the concept to the growth of meter-size bodies at maximum, we propose a slightly more sophisticated growth model as a refinement. Assuming that meter-size bodies can be grown, gas drag might still continue to aid in growing even larger bodies if we introduce the concept of the porosity of an object to the gas flow around, or rather, through it.
Porous flow seems to be a common field of study for engineers, hydrologists, and geologists, since, e.g., it determines the flow of water, oil, and gas in Earth's surface layers (Bear 1972) . It is also of importance in describing phenomena related to comets (e.g., Skorov et al. 2001; Grün et al. 1993) . However, as far as we know, the concept has never been applied to planet formation. Our calculations based on the physics of porous flows, which are outlined below, suggest that a porous flow might be the next leap forward and might close the gap between 1 m and 1 km for the growth of planetesimals.
FLOW THROUGH A POROUS MEDIUM
There is little doubt that growing planetesimals are very porous. This inevitably means that there is a gas flow through these bodies if they are subject to an external gas flow. The body that we consider here is the larger of two bodies colliding with each other. In view of the fragments originating from its surface, we also term it the ''parent body'' of the fragments, including even fragments of the smaller projectile.
The flow of gas through a porous object can be described by Darcy's law,
where q is the flow velocity, k is the permeability of the object, is the viscosity of the gas, and p is the gas pressure. The pressure gradient depends in detail on the shape of the body. For simplicity, we treat a growing body as spherical with radius R for the moment. The pressure difference between the front side of a sphere that faces a gas flow and the back side can be expressed as
where C D is the drag coefficient, v is the velocity of the free flow with respect to the body, and is the density of the gas.
As the pressure gradient, we take
which is the pressure drop over the thickness of the body. It has to be noted that with respect to a given flow direction, a spherical body is thicker in the center than at the edges. The gas flow through the edges will be much faster than the gas flow through the center. Thus, more gas can flow through this outer rim. To account for the change in thickness of the sphere, we calculate an average thickness by considering the thickness of a cylindrical body with the same circular cross section and the same volume as the sphere. This gives the factor of 4/3 instead of 2 in equation (3). For the permeability k we refer to simulations by Cancelliere et al. (1990) . They simulate the permeability of a medium of overlapping spheres. Koponen, Kataja, & Timonen (1997) carried out similar simulations for rectangular shaped obstacles. Either way, the permeability can be expressed as
where r is the hydraulic radius. In the case of spherical constituent particles, r is the radius of these spheres. An effect that has to be considered at low pressure is slip flow, which for porous bodies is sometimes called the Klinkenberg effect (Bear 1972; Klinkenberg 1941) . As the gas pressure under consideration is very low and the mean free path of the molecules is larger than the pores, the permeability has to be modified by a factor. The permeability is then given by
where k is the mean free path of the molecules and, for simplicity, we estimate the pore size by the size of the constituents r, keeping in mind that this is somewhat arbitrary. Permeability is certainly one major aspect that has to be considered in more detail in the future. However, because of the lack of knowledge about the inner morphology of the growing bodies, we regard the given description as sufficient for the model presented here. Putting equations (2)- (5) together in equation (1), we get the flow velocity
From experiments as well as simulations, J. Blum et al. (2003, private communication) suggest porosities È for growing bodies of 80% and more. With this porosity we get c k ¼ 1 (Cancelliere et al. 1990; Koponen et al. 1997) . For the disk parameters, we take values from Sekiya & Takeda (2003) that refer to the minimum-mass nebula by Hayashi, Nakazawa, & Nakagawa (1985) . The gas density is given by ¼ 1:4 Â10 À6 kg m À3 at 1 AU. The mean free path of the gas molecules at 1 AU is k ¼ 0:01 m. For the free flow velocity v, we use 60 m s À1 .
For a spherical body, the drag coefficient C D depends on the Reynolds number Re. For an R ¼ 1 m body at a 1 AU distance, the Reynolds number is 15. The corresponding drag coefficient is C D ¼ 5. For viscosity we take the usual value of ¼ 1:0 Â 10 À5 Pa s. The smallest particles of interstellar origin are smaller than 1 m. However, half of the material found in primitive meteorites are millimeter-size chondrules. Here, we assume r ¼ 1 mm. It should be noted that this does not necessarily mean that the particles have to be individual solid particles (e.g., chondrules) of that size. Dense agglomerations of much smaller particles will probably work as well and serve the same purpose as do large solid units for an otherwise porous body. On one hand, e.g., impacts might create such dense agglomerations, while on the other hand, the recollection of fragments would rebuild very porous parts. A real mixture of chondrules and (sub-) micron-size dust particles might be plausible as well. Therefore, although we consider micron-size fragments below, we still consider this to be selfconsistent with assuming r ¼ 1 mm here.
Placing all these values into equation (6), we get a flow velocity of q ¼ 0:04 m s À1 . This is a small number compared to the velocity of the undisturbed gas flow of v ¼ 60 m s À1 . As is shown below, it might nevertheless be very effective.
BOUNDARY LAYER
Gas flow through a porous body must result in a boundary layer in front of the body in which the gas motion is (slow but) directed toward the surface. No matter how slow this flow is, a fragment of a collision that is stuck in the boundary layer will inevitably return to the parent body if this is the only motion forced on the fragment. The collision velocity of the second collision will approximately be the flow velocity. Since this is small, even a somewhat larger fragment will stick. No more rebounds need to decrease the collision velocity further in order for sticking to occur. The continuous rebuilding of a very porous body will thus be self-perpetuating.
If a fragment leaves the boundary layer, the flow will carry it around, and the particle will be lost. Therefore, it is important to know how thick the boundary layer might be. We know that gas is flowing through the body and that the velocity of this flow on average is given as q ¼ 0:04 m s À1 for a 1 m body. For reasons of mass conservation, the volumetric flow through the body has to equal a certain part of the free flow. Streamlines that surround the body cannot cross each other. Thus, the flow through the (spherical) body has to originate in a cylinder centered over the front side (see Fig. 1 ).
As the flow approaches the body, it gets wider until it covers the whole front side of the sphere. As mentioned before, mass conservation requires that the volumetric flows be the same. The radius of the cylindrical part of the free flow, b (see Fig. 1 ), is
The free flow has a speed of v ¼ 60 m s À1 . The flow through the body is q ¼ 0:04 m s À1 . For R ¼ 1 m, this yields b % 0:03 m. To estimate the thickness of the boundary layer, one might consider a streamline on the surface of the cylinder and how close this streamline would pass to a nonporous sphere. Streamlines get somewhat compressed as they pass an obstacle. Therefore, as can be seen in e.g., the figures shown in Sekiya & Takeda (2003) , the nearest point of the limiting streamline is a little closer to the surface than is the radius of the cylinder. This is also consistent with flow patterns around bodies of different shapes, such as plates. However, there is already a net growth if the mechanism works on a sufficiently large impact area. Considering the fact that the boundary is thicker in the center of the front side of the body, a plausible estimate for the thickness of the boundary layer is thus the radius of the cylinder with the same volumetric flow. Therefore, we get a boundary layer thickness b ¼ 0:03 m. We note that this is only a first estimate. It might be worthwhile to visualize the thickness of this boundary layer in comparison to a body 1 m in radius. Being %1% of the size of the body, it is very thin.
EJECTA TRAJECTORIES
We assume a small compound dusty body (projectile) that collides with a larger parent body (target). The projectile is assumed to fragment into much smaller pieces. In addition, parts of the target are eroded. At high impact speeds, a total mass in fragments larger than the projectile mass is ejected from the surface (Wurm et al. 2001a (Wurm et al. , 2001b Colwell 2003; Blum & Wurm 2000) .
To see the response of a fragment to the gas flow, we calculate fragment trajectories for different parameters. Here we assume the front of the parent body to be a plane and, in general, assume a fragment from the collision to be ejected at a 45 angle to the plane. We consider a straight gas flow with velocity q toward the plane. For different flow speeds q, gasgrain friction times f , and rebound (ejection) speeds v reb , we calculate the maximum height of the fragments above the plane and the distance from the ejection point at which the fragment hits the plane again. These two values approximate the necessary height of the boundary layer and the minimum size of the body (e.g., see Fig. 2 ). The motion for the given case is, e.g., given by (Wurm et al. 2001b )
Fig. 1.-Comparison of the gas flow between a nonporous (solid) and a porous sphere. This sketch is for illustrative purposes only. It is not on scale and should not be taken quantitatively. The part of the gas that flows through the body is shaded light gray. On the front side, this region is equivalent to the boundary layer. Sufficiently far away from the surface, the region marks a cylindrical part of the flow with radius b. As outlined in the text, this is also an estimate for the thickness of the boundary layer. , from the x-axis. The flow is directed in the negative y-direction. The x-axis marks the surface of the body. Note that the particles are essentially stopped first before the flow slowly returns them to the parent body.
The distance from the ejection point along the plane of the body is denoted by x. The height above the plane is y. The time is given by t. The initial angle with respect to the y-axis is given by . Two example trajectories can be seen in Figure 2 .
For the given parameters (ratio between the porous flow and the rebound velocity F1), a particle is stopped before it slowly returns to the target. The data points in Figure 2 are at equal time intervals. For the calculations, we assume a flow velocity of q ¼ 0:05 m s À1 . However, it turns out that the actual number for the flow velocity is of minor importance, as long as it is smaller than or comparable to the rebound velocity. The turnover points of the trajectories in Figure 2 shift only slightly for different flow velocities. Figure 3 shows the maximum heights and widths for different particle trajectories. The value for a typical 1 m dust particle is marked by a star. The model considered above has a friction time of f ¼ 0:1 s. For the rebound velocity, we take v reb ¼ 0:5 m s À1 , which is approximately 1% of the impact velocity of a small body. It should be noted that compared to solid-solid collisions, in which rebound velocities of several tens of percent are common, the value given here looks rather low. However, for very inelastic collisions with dusty bodies, experiments indicate that 1% is a typical number (Colwell 2003 ).
There will likely be a distribution of ejecta velocities, so that some particles may be lost through the boundary layer while others are returned. Understanding the ejecta velocity distribution, and whether it is correlated to particle size, is therefore critical in determining the efficiency of this mechanism.
We are currently experimentally studying the impacts of dusty projectiles into dusty targets. The first tests seem to confirm very low coefficients of restitution, but this is preliminary, and we cannot give more detailed numbers yet. Values of height and width for other parameters are also shown in Figure 3 .
DISCUSSION
To give more detailed predictions of what would happen to a growing body and its fragments in a collision, it is mandatory to pinpoint numbers for the given parameters further. This is an endeavor that needs quite some future work, experimentally and theoretically, and is far beyond the scope of this paper. What we intend here is to lay a foundation. To demonstrate that it is worth considering these processes in more detail, we put in some typical numbers.
One first thing to note is that trajectories are only slightly influenced by the actual flow velocities. The calculations show that only for the faster flows that are comparable in speed to the speed of an ejected particle does the maximum height above the plane change slightly, while the influence on the width of the trajectory can be neglected in all cases.
A dust particle that we consider as typical will return to the target only 3.5 cm away from its impact/ejection point, and it will gain a maximum height over the surface of only 2.5 cm. This is the highlighted data point (star) in Figure 3 . The width of the trajectory is much smaller than the size of the body. Therefore, the width is not critical with respect to missing the parent body. More important, however, is that the maximum height can be smaller than the boundary layer thickness calculated above. The calculations therefore indicate that the particle would indeed return to its parent body.
Thus, it is possible that a body of 1 m in size can still grow in mass. As the body grows, the flow velocity q will decrease, as can be seen in equation (6) . Besides the direct dependence of q on R, the drag coefficient C D will also decrease slightly less than linearly with R. However, according to equation (7), the boundary layer thickness will stay more or less constant or even increase slightly at the same time. Therefore, if an R ¼ 1 m body can grow, so can a 10 or 100 m body. Changes in the flow pattern at increasing Reynolds numbers would probably have to be considered.
Our calculations are restricted to laminar flow thus far. If the disk itself is turbulent, the mechanism might still work. On average, turbulence probably increases the gas flow velocity v. Therefore, the flow velocity q and the boundary layer thickness b would increase (eqs. [6] and [7] ). If the fraction of impact energy that is dissipated decreases with increasing impact velocity, reaccretion might work even better, but this needs further study. If turbulent eddies were much smaller than the large target body, the dynamics of the gas flow would change, and the details of the particle motion close to the target would very likely look different. Nonsphericity of the growing bodies would also influence the gas flow and thus the outcome of a collision. If the target, e.g., has thin extensions or bumps, these might be of minor resistance to the gas and might reach into heights above the boundary layer. These would catch particles that would otherwise be lost. On the other hand, crater-like pockets might not be reached by the main gas flow and might act like lee sites, while there is still flow through the body. This would effectively increase the height of the boundary layer, and ejected particles would return more easily into the crater. The mechanism thus will probably work better for nonspherical bodies. angle (see Fig. 2 ). Each data point corresponds to a pair of numbers, the initial particle velocity and the gas-grain friction time. The initial particle velocities are labeled individually next to the data points. Data points with the same gasgrain friction time are connected by lines. For a given dust density (amount of material) at a given gas density, the friction times are related to a certain particle size. Approximate sizes for silicate-like particles are given in brackets next to the friction times. An initial size frequently used in protoplanetary disks is 1 m. If such a particle were ejected after a collision with approximately 1% of the impact speed in a typical model disk, the value marked with a star in the plot would result. As can be seen, the height is within the boundary layer (dashed line). Particles within the boundary layer (below the dashed line) will return to the target. Particles above the line will be swept away by the gas flow and be lost. For particles that are aggregates of smaller particles, the sizes labeled on the lines have to be increased, since friction times for aggregates can be significantly lower than for compact particles.
The model is moderate in the sense of assuming a minimum disk mass. Higher masses and therefore higher gas pressures would be beneficial for the mechanism. The flow velocity would increase with a pressure at which the mean free path of the molecules is on the order of the pore size (see eq.
[6]), but even if the flow velocity would not change significantly otherwise, an increase in pressure would induce a linear decrease in gas-grain friction times. Our calculations show that this would also reduce the maximum heights and widths of trajectories approximately linearly. Even fragments ejected faster would then be confined to the boundary layer and return to the parent body. This would increase the recollection efficiency of the mechanism.
It has to be anticipated that simple models cannot account for the growth of planetesimals from dust, which spans more than 9 orders of magnitude in size. Refinements are mandatory along the way. However, our calculations for rather typical and, in some respects, moderate model parameters show that the growth of planetesimals in collisions aided by gas drag is possible. Therefore, with the modification of taking porosity into account, the basic idea of planetesimal growth still holds. This work is funded by the Deutsche Forschungsgemeinschaft.
